Abstract: Hollow-bottle microresonators have been fabricated by a novel pressure-compensated, "soften-and-compress" method. The Q-factor and excitation efficiency show high tolerance to angular misalignments, while localized losses on the resonator result in spectral clean-up and superior performance. 
Introduction & Hollow-Bottle Microresonator Fabrication Method
Recently, there has been increased activity on a new type of cylindrical microresonator, namely the bottle microresonator (BMR) [1] [2] [3] [4] . BMRs are solid, strongly-prolate spheroid structures, which support highly nondegenerate whispering-gallery modes (WGMs). In addition to solid BMRs, there have been recent demonstrations of hollow (or "empty") bottle microresonators (HBMRs) [5] formed by semiconductor microtubes, as well as optical microbubble resonators [6] formed on optical microcapillaries. In the former configuration, the bottle-like geometry has been achieved by the formation of a parabolic lobe, resulting in an effective variation of the axial propagation constant of a rolled-up microtube. In this case, the effective "bulge" is only a small percentage of the microtube radius and, due to scattering at the inevitable internal and external stepped edges, the resulting Q's were limited to ~2000-2500. The latter configuration, on the other hand, has been achieved by a localised CO2 laser heating of a pressurised glass microtube. In this case, the microbubble shows a very pronounced "bulge", comparable to the original capillary radius.
In this communication, we extend our previously published "soften-and-compress" fabrication technique of solid BMRs [2, 4] to produce highly-controllable, high performance HBMRs. The HBMRs were fabricated from a slightly pressurised glass capillary using a standard fusion splicer. This method has the advantage of being easy to implement, and yet very flexible. One end of the capillary was sealed, while the other was connected to a custom-built pressurisation system. In contrast with the technique reported in [6] , which relies on high internal pressure only to form a microbubble, our technique uses moderate pressure, sufficient to counteract the surface tension in the softened glass, and relies entirely on the "compression" action of the splicer to form a highly-controllable-curvature "bottle" shape. At the center of the HBMRs the OD, Db, was 265±1μm and the wall thicknesses, Tb, was 13.5±1μm. The insets of Figure 2 show a fabricated HMBR with typical dimensions of Dc=218μm, Db=265μm and bottle length Lb=550μm. The HBMR was optically excited with a 2μm diameter tapered fiber. The micro-tapered fiber was in physical contact with the microresonator which, while lowering the loaded Q's, results in extremely stable operation. One of the pigtails of the excitation fiber taper was connected to a tuneable laser and the other pigtail to an InGaAs detector to measure the transmitted light. Q factors of ~10 7 were obtained.
Experimental Results
To assess the usability of the fabricated HBMRs and their suitability for the implementation of robust, easily integratable devices, we have investigated the dependence of the transmission spectra on the angular alignment of the excitation/collection fiber taper. Figure 1 shows spectra with the HBMR excited at the center, with the excitation fiber taper (a) perpendicular to the bottle axis and (b) misaligned by 3.25°. It can be seen that the wavelengths and Q-factors of the individual resonant dips in the transmission spectrum are essentially insensitive to tapered-fiber misalignments. Actually, as the insets in Figure 1 show, the magnitudes of some resonances increase and their Q factors improve with the small misalignment. This is believed to be due to tilt-induced tuning of the coupling constant approaching critical coupling more closely. High-Q resonances, albeit with smaller excitation efficiency, were observed even at the extreme tilt angle of 45°. The relaxed requirements on excitation-fiber alignment are in sharp contrast with those for standard hollow cylindrical microresonators used in various optofluidic sensor applications.
The dense spectral features shown in Fig. 2 (a) are highly advantageous when bottle microresonators are used in cavity QED studies [3] . However, such spectral characteristics may be a serious hindrance if HBMRs were to be used as refractometric optofluidic sensors. In this case, a "cleaner" spectrum with more easily identifiable and traceable spectral features would be desirable. As discussed before [2] , the rich spectral features are a result of the strongly broken degeneracy between whispering-gallery modes with common azimuthal and differing axial mode numbers, as a
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JTuI14.pdf © Optical Society of America result of the highly prolate shape. In addition to different eigen-frequencies, these non-degenerate resonances exhibit substantially different spatial intensity distributions along the bottle length [1] [2] [3] [4] . This property of the resonant modes can be exploited to differentially attenuate some of the modes according to axial mode-number and thereby substantially "clean up" the spectrum. This is similar to the modal filtering method applied to cm-sized crystalline disks using an auxiliary out-coupling prism [7] . Figure 2(a) shows the normal spectrum of the HMBR excited at the center. Figure 2(b) , on the other hand, shows the "cleaned-up" spectrum, with a loss element placed away from the center near the bottle edge (as shown in the inset). In this case the loss was introduced by depositing a small drop of high index liquid in different positions along the bottle length. The cleaner spectrum consists of modes that occupy the central part of the bottle without suffering the extra loss and Q deterioration due to the loss element. Figure 2(c) shows detail of the cleaned-up and improved spectrum. HBMRs with "cleaned-up" spectral responses would provide tunable filters, optofluidic and other refractometric sensors with significantly improved performance. In conclusion, we have presented a novel pressure-compensated, "soften-and-compress" method for fabricating high quality HBMRs. This new class of glass microresonators exhibits rich optical spectra, which depend on the excitation position, and very high Q factors (~ 10 7 for central excitation). In addition, the transmission spectral positions and Q factors are insensitive to optical excitation misalignments, greatly facilitating the interrogation and optical integration of these devices. We have also shown that the introduction of a localized loss on the HMBR outer surface results in substantial spectral "clean-up" and improved performance. This effectively improves the microresonator finesse and it is expected to improve the performance of these devices substantially when used as tunable filters or refractometric and optofluidic sensors. Finally, it is expected that, in contrast with the highly deformed microbubbles [6] , the controlled curvature and smooth bottle shape will facilitate laminar flow in potential optofluidic applications.
